This paper discusses a parametrisation method developed by the author as a technique for the determination of band structures for the 4d transition metals and their compounds. It is suggested that some of the earlier work that has been published may not have found all the roots. Re-examination of the earlier work of the author reveals systematic discrepancies from benchmark band structure calculations. It is suggested that these results are an example of the unreliability of the earlier parametric band structure calculations, in which iteration techniques were used to determine the roots. Examples presented exhibit well known repeller behaviour, and so provide an early example where variation of initial conditions could have led to the discovery of bifurcation behaviour associated with the onset of chaos. The paper concludes with an application of the method to the calculation of electron-phonon interaction elements in the nonrelativistic limit.
Introduction
This paper is dedicated to Geoff Fletcher, who with Rod Millar helped me to test a generalisation of John Hubbard's parametric approach for calculating the band structures of the 3d transition metals (Hubbard and Dalton 1968; Hubbard 1969) to include relativistic effects, so that the 4d and 4f metals and their alloys could be studied. The theoretical derivation is to be found in Osborne (1970) . Geoff was calculating the band structure of Au, using the augmented plane wave (APW) method, and the method of Osborne (1970) was applied to Au as a check of the method. Geoff was fortunate to have as his assistant Rod Millar, who programmed my method. The work was not published because we seemed to miss some of the eigenvalues. This paper addresses the probable reason for the discrepancies. Geoff has always been interested in interacting with the experimentalists in the Physics Department, and he performed a number of band structure calculations for them. Such interactions now are rare in the department.
The calculation of the band structures of the 'transition metals and the rare earths goes back to the early 1940s. One of the more popular approaches is the APW method, first introduced by Slater (1937) . Ziman (1965) discussed how this method could be expressed as a generalised pseudo-potential, and found that by exploiting this scattering potential it was possible to partition the scattering matrix to show physically, for the transition metals, how the s and d electrons interact. Lloyd (1965) extended this work, showing dearly the physical basis for the orthogonal plane wave (OPW) , Kohn-Korringa-Rostaker (KKR) and APW methods. The method involves the folding of the KKR determinant into a structure which shows s-s, s-d and d-d electron interactions.
In the relativistic limit [Le. the generalisation of Hubbard and Dalton (1968) and Hubbard (1969) ] the folding yields the following determinant:
(1)
The conduction band terms are given by
The part of the determinant K + V that refers to the s-p states is evaluated at the energy (K + V)o~ = Ee , which is a mean conduction-band energy. In (2), 9 refers to a lattice vector, t\, = l if t\, > 0 and t\, = -l -1, if t\, < O. Further, J.k refers to the z component of the angular momentum of the electron,
Bessel function, P the relativistic momentum of the electron, r the volume of the lattice's atomic cell, and s is the spin of an individual electron. The hybridisation matrix elements are
Here it has been assumed that there is a discrete set of 
In the next section we discuss the performance of the formal equations for 3d and 4d transition metals.
Results for Cu, Au and Pd, and Comments
Rod Millar programmed the equations in the period 1972-3. While preparing for this talk, I found the old print-outs, in his unique handwriting. In the table below, I present some of the results. We chose six preferential vectors (000, 111, 111, 020, 111, 111) and summed the angular momentum terms up to L = 6. This was done scientifically, of course, i.e. it gave us the closest results to the reported energy levels for metals. These included Burdick's (1963) Cu data, and Shaiwatna's (1960) and Christensen's (1970) Au results. Tables 1 to 3 show the agreement between the two methods for determining the energy levels. Table 1 gives some results for some of the Cu levels: of the 36 levels calculated, the differences show an r.m.s. error of 0·0068 Ry, with three levels having an error >0·01 Ry, and one with error >0·015 Ry, the maximum error being 0·016 Ry. This compares favourably with the original Hubbard calculations. Tables 2 and  3 show the results for Au, as calculated by Geoff's ex-student Shaiwatna and by Christiansen, and the calculations using the parametrisation method. Table 2 presents the results of Shaiwatna. Of the 36 levels calculated, the differences show an r.m.s. error of 0·0115 Ry, with eight errors lying between 0·01 and 0·015 Ry, four errors >0·015 Ry, and a maximum error of 0·033 Ry. Table 3 presents a comparison of the results for Au, as calculated by Christensen, and the calculations using the parametrisation method. Of the 36 levels calculated, the differences yield an r.m.s. error of 0·020 Ry, with three errors lying between 0·01 and 0·015 Ry, 25 errors >0·015 Ry, and a maximum error of 0·045 Ry.
The results summarised here show that the program produces results in reasonable agreement with other calculations. In determining these roots, Millar had implemented matrix diagonalisation routines which we felt at the time would be more suitable for calculating the roots of the determinant (1). This was done because we had not had much success with the routines for root-finding of determinants that were then available from the Monash Computer Centre. We had in turn varied the method for finding the mean 'conduction-band energy', POK., and the resonant energies. We found that while we were using the iteration methods we could get wild disagreements. These disagreements vanished when we used the diagonalisation techniques. As an example, Table 4 shows the results obtained for Pd, using a potential that was generated following a method described by Loucks (1967) ; these results are compared with those of Kaga (1971). 
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What is immediately obvious is that for (000) the triply degenerate energy level at O· 339 Ry has been missed. In modern terminology this root was a repeller. Other examples are shown in italics. This results had been seen in the earlier work of Hubbard and Dalton (1968) . Dalton and I spent many hours discussing our work whilst we were at Harwell in the late sixties, and Norris spent a large amount of time playing with the adjustable parameters of the theory in his earlier experimentation. Hubbard was keen to use the library routines at Harwell, and a well tried polynomial root-finding routine was the basis of the energy-finding routine. In later work they abandoned this method and introduced a matrix diagonalisation routine to find the eigenvalues. This method was highly successful and the iteration method was no longer used.
Other printouts from our calculations in the early 70s show that when we changed the value of Ec and E1 were varied by small amounts, the values of the energy levels varied in an irregular manner. This possibly suggests that the iterative procedure was extremely sensitive to initial inputs, and so represented another example where potential chaotic behaviour could have been detected. The net result of this experimentation was that the technique was not pursued and the interest of the author moved to other fields.
Electron-Phonon Matrix Elements
With the current interest in high-temperature superconductivity, it is timely to return to the problem of how to calculate electron-phonon matrix elements. Surprisingly, there appears to have been little advance in this area since the early 1970s, although there has been some resurgence with the introduction of vector processors. In this section I report some work which, while developed in 1970, has not been published. My interest was to see if I could calculate this interaction for chromium. The first-principles calculations, which were analysed by Golibersuch (1967) amongst others, were computationally expensive, and consequently were largely ignored by workers in the field. The use of the parametrised approach to the band structure appeared to offer some hope for the development of a manageable program.
To first order in the electron-phonon interaction, the matrix element describing the scattering of an electron with wavevector k and band index n, into a state with wavevector k', is given by
Here Rjo is the position vector of the jth ion in its equilibrium position, and oRj is the displacement of the ion from its equilibrium position. The muffin-tin potential U (Rj ) is that for the case where the ions are at the undisplaced positions and the wavefunctions are evaluated at the Fermi level.
On writing the wavefunction in the KKR form, i.e.
L we can simplify the matrix element to the form
The wavefunctions have the form
Here YL( r) is a spherical Bessel function, with the radical function RL( r) satisfying the equation
In writing (9) we have expressed a vector general V in the form
After some tedious algebra, described in considerable detail in Golibersuch (1967) , the integral in equation (11) can be reduced to
The constants A are given by
A
A=I=V(l+m-1)(l+m). (15)
The coefficients CL can be calculated using a method described in Hubbard (1969) . These coefficients are given by 
The subscripts P and R in (17) 
Equations (13)- (15), (19) and (22) then define the expressions for the evaluation of the matrix elements. These expressions are currently being programmed and results of the work will be reported in a future publication.
Conclusion
In this paper I have re-introduced a parametrisation method for the evaluation of the band structure of heavy transition metals, and have shown that it reproduces the energy levels of known band structure calculations to a reasonable accuracy. Further, I have indicated that the use of iteration methods for the determination of these energy levels gave indications of repeller and chaotic behaviour in the system. Finally, I have presented a formal expression for the electron-phonon matrix element.
